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Abstract
We consider a quantum circuit model describing the evaporation process of black holes. We
specifically examine the behavior of the multipartite entanglement represented by this model, and
find that the entanglement structure depends on the black hole mass M and the frequency of the
Hawking radiation ω. For sufficiently small values of Mω, the black hole and the radiation system
becomes a separable state after the Page time and a firewall-like structure appears. On the contrary,
for larger values of Mω, the entanglement between the black hole and the radiation is not lost.
These behaviors imply that owing to the monogamy property of the multipartite entanglement,
low frequency modes of the Hawking radiation destroys the quantum correlation between the black
hole and the emitted Hawking radiation.
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I. INTRODUCTION
By investigating the quantum field in black hole spacetimes, Hawking predicted that the
black hole spontaneously creates entangled particle pairs in the vicinity of the black hole
horizon [1]. One particle of the created pair is thermally radiated away to the spatially far
region, and the other particle with negative energy falls into the black hole. As the result,
the horizon shrinks and the black hole evaporates. In 1976, Hawking pointed out that the
information paradox exists in the evaporation process of the black hole [2]. Assuming that
the initial state of the black hole is pure and keeping in mind that the thermal radiation is
expressed as the mixed state such as the Gibbs state, it turns out that the black hole becomes
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a mixed state as the evaporation proceeds. However, in theories such as the quantum
mechanics, the quantum field theory and the string theory, time evolution is unitary. Thus
a pure state evolves with unitary operators and the state remains as a pure state after the
evaporation. Consequently, evaporation process of the black hole seems to be inconsistent
with the quantum theory.
This inconsistency is also shown by considering the entanglement. The amount of the
entanglement between systems A and B can be evaluated by the von Neumann entropy of
the reduced density operator SA = −Tr ρA log ρA. The von Neumann entropy SA is zero
if and only if the system A is in pure state. In other words, by measuring the amount of
entanglement, we can investigate the presence or absence of information paradox because the
existence of entanglement is connected to mixedness of the considering system. According
to Hawking’s calculation, the amount of the entanglement between a particle falling into
the black hole and a particle radiated away is zero at the initial stage of evaporation and
monotonically increases as the evaporation proceeds. In other words, particles radiated away
from the black hole are in pure states at the beginning, then become mixed after evaporation
completes. This is why Hawking concluded the information paradox exists.
For this paradox to be solved, the von Neumann entropy should begin to decrease in the
middle stage of the evaporation and finally it must become zero. Assuming that the black
hole and the Hawking radiation are in a random state and the dynamics of the black hole is
chaotic, Page showed that the von Neumann entropy of the Hawking radiation increases from
zero, and it has a maximum value at the middle stage of the evaporation and then decreases
monotonously. This behavior of the von Neuman entropy is called the Page curve [3, 4]
and the time attaining the maximum of the entropy is called the Page time. It is believed
that the Page curve represents the general feature of the evaporation process of the black
hole and the information of the black hole is carried away by the Hawking radiation.
In studies of AdS/CFT correspondences [5], it is partially shown that the information
paradox of the black hole evaporation does not exist if the assumption of the black hole
complementarity [6] is imposed:
Postulate 1: The process of formation and evaporation of a black hole, as viewed by a
distant observer, can be described entirely within the context of standard quantum
theory. In particular, there exists an unitary S-matrix which describes the evolution
from infalling matter to outgoing Hawking-like radiation.
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Postulate 2: Outside the stretched horizon of a massive black hole, physics can be de-
scribed to good approximation by a set of semi-classical field equations.
Postulate 3: To a distant observer, a black hole appears to be a quantum system with
discrete energy levels. The dimension of the states of a black hole with mass M is the
exponential of the Bekenstein-Hawking entropy
SBH(M) =
A
4G
, G = m−2pl , (1)
where A is the surface area of the black hole.
Hence, it is widely believed that there is no information paradox with these assumptions, and
a consistent evaporation process occurs in the quantum theory. However, considering the
black hole after the Page time, A. Almheiri, D. Marolf, J. Polchinski and J. Sully (AMPS) [7]
argued that the postulates of the black hole complementarity are still inconsistent and the
following postulate should be added:
Postulate 4: A freely falling observer experiences nothing out of the ordinary when crossing
the horizon.
To make these four postulates consistent, as the most conservative solution, an observer
falling through the horizon burns out before it passes through. Therefore, AMPS proposed
that the horizon is covered by a firewall. The “monogamy” relation which is the prop-
erty of multipartite entanglement plays an important role to show this inconsistency. The
monogamy relation states that one system can not entangle with any other system when it
is already entangled strongly with another system. Let us divide a system of the evapora-
tion process into three subsystems as follows: ER (early radiation) is a previously emitted
Hawking particle, JR is a Hawking particle just emitted to exterior, BH is a partner of the
Hawking radiation just created and falls into the black hole. After the Page time (when the
Page curve is decreasing), JR is entangled strongly with ER due to Page’s theorem, and JR
is also entangled with BH due to purity of the Hawking radiation. Owing to the postulate 4,
there is no drama at the black hole horizon, so there must be very strong entanglement be-
tween JR and BH. If the monogamy relation holds, these appears inconsistency. In order to
resolve this inconsistency, the firewall must be introduced to cut the entanglement between
JR and BH.
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To justify the existence of the firewall, it is important to investigate the feature of the
multipartite entanglement between the radiated Hawking particles and the particles falling
to the black hole. In particular, it is necessary to show whether entanglement is really bro-
ken or not. However, it is not easy to evaluate multipartite entanglement in the context of
the quantum field theory and there are several works investigating more general quantum
information structure by modeling the evaporation process of black holes with qubit sys-
tems [8–12]. A burning paper model is well known as a physical model to explain the Page
curve [8]. When a paper is burning, photons are emitted from the surface of the paper. The
photon can be entangled with the spin of atoms composing the paper. The entanglement
entropy between photons and the paper monotonically increases at the beginning. Then,
atoms entangled with photon also become ash and are emitted to the outside and the en-
tanglement entropy may start to decrease at a certain time. When all the paper burns
out, ash is released and the entanglement entropy becomes zero. Due to the very complex
interaction of the atom with the emitted photons during the burning process, the paper’s
information is fully encoded into radiated photons and ashes. Although the burning paper
model is adequate to explain the Page curve, it has no horizon structure. This is because
atoms constituting the paper are discharged to the outside in the form of ashes. Since the
horizon is an important structure of spacetimes to characterize the black hole and its size
characterizes strength of the entanglement between created Hawking pairs, this difference is
unacceptable to investigate the evaporation of the black hole using a toy models with qubits.
Qubit models have been applied to various evaporation scenarios. J. Hwang et al. [11]
investigated a qubit model from the viewpoint of the remnant scenarios which are based
on a different postulate from AMPS’s one, and revealed restrictions of various scenarios of
remnant picture. In the research by S. Luo et al. [12], properties of multipartite entanglement
in the evaporation process were investigated. During the entire history of evaporation, they
found entanglement between BH and JR differs from AMPS’s expectation and they pointed
out the firewall may not be necessary to resolve the information loss problem . However, the
time evolution of evaporation in their model is different from that of the Hawking radiation.
In this paper, we propose a quantum circuit model with qubits representing the Hawking
radiation with the horizon structure, and investigate behavior of the multipartite entangle-
ment. We aim to discuss emergence of the firewall in our model. The structure of this paper
is as follows. In Sec. II we introduce our quantum circuit model representing the black hole
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evaporation. In Sec. III, we present results of numerical simulation of our model. In Sec. IV,
we analytically obtain the state after the Page time and investigate the mutual information
and the negativity between the black hole and the Hawking radiation. Sec. V is devoted to
summary and discussion.
II. QUANTUM CIRCUIT MODEL
We introduce our quantum circuit model of the black hole evaporation.
A. Setup
We describe the Hawking radiation using qubits in our model. A qubit has two distinct
internal states |0〉 and |1〉. In order to formulate the black hole evaporation, we separate the
Hilbert space of the total system to that of the black hole, the Hawking radiation and the
Hawking radiation that had been radiated previously. Hence, prepare the Hilbert space of
black hole (BH), just radiation (JR), early radiation (ER) (Fig. 1)
Htot = HBH ⊗HJR ⊗HER. (2)
Here, we regard the state |0〉 of JR and ER as the “vacuum state” with no particles.
Black Hole
←
ERJRBH
→
Horizon
→ → →
→
FIG. 1: Defition of BH, JR and ER in our model.
We treat particles in BH, that are paired with the emitted Hawking particles and fall into
the black hole, constitute the black hole’s degrees of freedom. This is because particles
falling into the black hole can be regarded as a part of the black hole owing to the black
hole complementary postulate 4.
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B. Evaporation
Particles come out from the black hole in the evaporation process. For example, a particle
in JR will belong to ER at the next time step. This process can be realized using the SWAP
operation, which exchanges inputted two qubits and is represented by the unitary quantum
gate shown in Fig. 2.
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<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
before Page time step 4
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iER4
<latexit sha1_base64="zpK2X5Q8f7JnCV3UaKuhgiID7VI="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
step 4 before step 5
U5
<latexit sha1_base64="1B6PDTxWBMtJwPZZrqbTzNOH758="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit>n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
ˇˇ
 5
˛
BH2;JR;ER124
<latexit sha1_base64="kycWhQedL1FN6DGgszVKlShwan4="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit>
before step 5 step 5
FIG. 2: The SWAP gate.
In the evaporation process, the black hole shrinks by emitting particles and finally disap-
pears. Furthermore, the information of the black hole is transferred to radiated particles.
Qubits in BH gradually change to |0〉 state during the evaporation process. When the vap-
oration finishes and the black hole disappears completely, all the qubits in BH become |0〉
state. On the other hand, at the initial stage of evaporation, most of the radiated particles
are in |0〉 state (no particles). Thus, radiated particl s state will becomes very complicated
because information of the black hole is carried away by the radiated particles. We expect
that evaporation can be modeled by swapping the information (qubit) of the black hole
with a part of radiation’s degrees of freedom. In our model, the SW P are performed twice
between BH and JR, and between JR and ER.
As a demonstration, we look at the case of the 5 qubit total system and show how the
SWAP procedure transfer the information of BH to radiations. The total system is
|ψ〉 = |BH〉 ⊗ |JR〉 ⊗ |ER〉 , (3)
with |BH| = 22 (2 qubit), |JR| = 21 (1 qubit), |ER| = 22 (2 qubit). The initial state of each
subsystem is assumed to be
|BH〉 = |0〉BH1 |1〉BH2 + |1〉BH1 |0〉BH2√
2
, |JR〉 = |0〉JR , |ER〉 = |0〉ER1 |0〉ER2 , (4)
and the initial total state |ψ0〉 is
|ψ0〉 = 1√
2
[
|10〉+ |01〉
]
BH12
|0〉JR |00〉ER12 . (5)
7
Although the Page curve is the average of entanglement entropy, we focus here on a spe-
cific state and compute the non-averaged entanglement entropy. The quantum circuit we
introduce is shown in Fig. 3.
jxi
<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
jxi
<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
U1
<latexit sha1_base64="AmAa8rQMpg44PSZiW+s/HMsufsk="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit>
U2
<latexit sha1_base64="JQp/v6mt1HviMOBRxyM47JW/2ys="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit>
U3
<latexit sha1_base64="zhHqq+QoxlHMrzHsTagJyQG1MEo="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
j0iBH3
<latexit sha1_base64="YTMg3aHJ6cQZcYuMRbr2QSdtNKA="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit>
j0iER3
<latexit sha1_base64="kSTMAR4VmvMYiFMtxVUVXw/t7XQ="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
jsquiBH3;ER3
<latexit sha1_base64="c/DNQvSmSq0QfkLPUJ1fsTM4C4s="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
before Page time
U4
<latexit sha1_base64="wPLcUI64rHMmsHDyBbfF6fUInIs="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit> ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
before Page time step 4
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iER4
<latexit sha1_base64="zpK2X5Q8f7JnCV3UaKuhgiID7VI="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
step 4 before step 5
U5
<latexit sha1_base64="1B6PDTxWBMtJwPZZrqbTzNOH758="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit>n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
ˇˇ
 5
˛
BH2;JR;ER124
<latexit sha1_base64="kycWhQedL1FN6DGgszVKlShwan4="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit>
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<latexit sha1_base64="nfucmWn9tS0udhh3Ene0UN9C75w="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
j0iBH
cos   j0iBHj0iJR C sin   j1iBHj1iJR
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
jJRi
<latexit sha1_base64="l07UFwc5daZLxGkUe3adHYyhbW4="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit>
jER1i
<latexit sha1_base64="mDXSJ4kNOUSI9eugDg5dHWVQerQ="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit>
jER2i
<latexit sha1_base64="L+7ydCzx9YOTXR4A7Z9PsCk7vB4="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit>
jBH1i
<latexit sha1_base64="0PThc57cYXcVTemOywiczavT+CA="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit>
jBH2i
<latexit sha1_base64="dkskncs6QzOAf+hk3XeYW4pFJB0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
step 0 step 1 step 2
FIG. 3: The SWAP circuit for 5 qubit system.
Let us follow the time steps realized by this circuit.
At time step 1:
1. Apply the SWAP between the first qubit of H and JR ,
|ψ0〉 7−→ |ψ0′〉 = 1√
2
|0〉BH1
[
|01〉+ |10〉
]
BH2,JR
|00〉ER12 . (6)
2. Apply the SWAP between JR and the first qubit of ER,
|ψ0′〉 7−→ |ψ1〉 = 1√
2
|0〉BH1 |0〉JR
[
|01〉+ |10〉
]
BH2,ER1
|0〉ER2 . (7)
At time step 2:
1. Apply the SWAP between the second qubit of BH and JR,
|ψ1〉 7−→ |ψ1′〉 = 1√
2
|00〉BH12
[
|01〉+ |10〉
]
JR,ER1
|0〉ER2 . (8)
2. Apply the SWAP between JR and the second qubit of ER,
|ψ1′〉 7−→ |ψ2〉 = 1√
2
|00〉BH12 |0〉JR
[
|10〉+ |01〉
]
ER12
. (9)
To check this process reflects the property of evaporating models, we compute the von
Neumann entropy of radiations R:=JR∪ER, SR = −Tr ρR log2 ρR at each step of the SWAP
(Fig. 4).
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FIG. 4: The Page curve obtained by the SWAP circuit in Fig. 3.
The typical shape of the Page curve is obtained and the information of BH is transferred to
the radiation by the SWAP operation. The effective size of BH’s Hilbert space at step n is
defined by the amount of information
|BHeffn | := |BH| ∗ 2−(n−1) (n ≥ 1), |BHeff0 | := |BH| (10)
where |BH| is the dimension of BH’s Hilbert space determined by the number of qubits.
Particles are radiated from BH by the first SWAP at each step. Thus, this quantum circuit
does not have the black hole horizon and the entanglement structure of this circuit is deter-
mined only by the BH initial state. Qubits in BH are entangled with each other at the initial
step. Then, a part of entangled qubit is moved to become JR and the entanglement between
BH and R increase. However, the entanglement of the Hawking radiation is originated from
the entangled particle pairs created in the vicinity of the black hole horizon and this SWAP
circuit is the model of evaporation process without the horizon.
C. Hawking radiation
The quantum state of the Hawking radiation is expressed as
∏
i
∑∞
ni=0
e−niβωi/2 |ni〉BH ⊗
|ni〉JR where β = 8piM is the inverse temperature of the black hole and ω is the frequency
of the radiation [1]. The state |ni〉BH ⊗ |ni〉JR represents pairs of the Hawking particles. For
Mω  0.1, the state is almost same as the vacuum state without particle excitation and for
Mω < 0.1, |1〉BH ⊗ |1〉JR particle state mainly contributes to the total state of the Hawking
radiation. Therefore, the essence of the entanglement structure can be revealed even if two
or more particle number states are ignored. Thus, we assume the following entangled state
9
represents the Hawking radiation
1√
1 + exp(−8piMω)
[
|0〉BH |0〉JR + exp(−4piMω) |1〉BH |1〉JR
]
. (11)
From now on, we focus on a specific ω mode of the Hawking radiation. We consider a
quantum gate mimicking this state (Fig. 5). The gate consists of two well-known quantum
gates and outputs the entangled state.
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<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
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<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
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jJRi
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jER1i
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jER2i
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jBH1i
<latexit sha1_base64="0PThc57cYXcVTemOywiczavT+CA="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit>
jBH2i
<latexit sha1_base64="dkskncs6QzOAf+hk3XeYW4pFJB0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
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<latexit sha1_base64="AmAa8rQMpg44PSZiW+s/HMsufsk="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit>
U2
<latexit sha1_base64="JQp/v6mt1HviMOBRxyM47JW/2ys="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit>
U3
<latexit sha1_base64="zhHqq+QoxlHMrzHsTagJyQG1MEo="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
j0iBH3
<latexit sha1_base64="YTMg3aHJ6cQZcYuMRbr2QSdtNKA="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit>
j0iER3
<latexit sha1_base64="kSTMAR4VmvMYiFMtxVUVXw/t7XQ="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
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<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
jsquiBH3;ER3
<latexit sha1_base64="c/DNQvSmSq0QfkLPUJ1fsTM4C4s="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
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<latexit sha1_base64="wPLcUI64rHMmsHDyBbfF6fUInIs="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit> ˇˇ
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<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
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n
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FIG. 5: The CNOT-U gate.
The gate of the right part in the circuit is an unitary gate acting on two qubit called the
CNOT gate and works as |x〉 |y〉 → |x〉 |x⊕ y〉. The gate U in the left part is an unitary
gate acting on a single qubit. In terms of the matrix representation, it is expressed as
U :=
cos γ sin γ
sin γ − cos γ
 , tan γ = exp(−4piMω), (12)
where γ is the squeezing parameter. For γ = pi/4, U corresponds to the Hadamard gate H,
and the CNOT-U gate will output the maximally entangled EPR state. The gate in Fig. 5
can output an entangled state and the amount of entanglement depends on the param ter
γ.
he strength of the entanglement between the created Hawking particle pairs is deter-
mined by the mass of the black hole at the considering time step and we must determine the
relation between the parameter γ and the black hole mass. For this purpose, we consider
the correspondence between the dimension of the BH Hilbert space (BH qubit number) and
the black hole mass M . From the formula of the Bekenstein-Hawking entropy (1)
SBH(M) = 4pi
(
M
mpl
)2
= log2 |BHeff|, (13)
we have
Mn =
mpl
2
√
log2 |BHeffn |
pi
. (14)
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Note that |BHeffn | is just the effective size of BH Hilbert space and not the actual number of
the BH states. Using these relations, in the natural unit, we obtain
γn = Arctan
[
exp
(
−2ω
√
pi log2 |BHeffn |
)]
. (15)
With this squeezing parameter γn, the CNOT-U gate in Fig. 5 mimics the the Hawking
radiation (11).
We combine the SWAP gate and the CNOT-U gate to construct a model of the evapo-
ration process of the Hawking radiation. We have already confirmed that the initial state
of BH is transferred to JR and ER by the SWAP circuit and the Page curve is obtained. In
the following analysis, we focus on the property of the entanglement caused by the Hawking
radiation to clarify how the dynamics of the evaporation is connected with the quantum
information process and the firewall argument. Hence, the initial state is assumed to be
non-entangled state
|init〉 = |000 · · · 000〉BH |0〉JR |000 · · · 000〉ER . (16)
The quantum circuit of our model is presented in Fig. 6.
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FIG. 6: A quantum circuit of the black hole evaporation. The CNOT-U gate acts on BH and JR
to generate a Hawking particle pair. The SWAP gate acts on two places between JR and ER, BH
and JR to move a qubit of JR to ER and move a qubit in BH to JR. We note that the SWAP step
is just after creation of the Hawking pair, so particles do not directly escape from BH to JR.
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In this model, the initial mass of the black hole corresponds to qubit number of BH. The
qubit number can not make so large due to increase of the simulation time. We denote the
black hole mass at a certain step n as Mnω. Because Mn ∝
√
log2 |BHn|, the black hole
mass at arbitrary step n is
Mn = Minit
√
log2 |BHn|
log2 |BHinit|
= Minit
√
1− n− 1
NBH
, (17)
where Minit is the initial mass of the black hole and NBH is the qubit number of BH used for
analysis. The only parameters contained in this model are the value of Mnω and n. In our
analysis, we choose n as the step at the Page time.
III. NUMERICAL RESULT
In this section, we will analyze evolution of the state in our circuit model (Fig. 6) focusing
on the entanglement structure. In our analysis, the size of BH is 6 qubit (|BH| = 26, NBH =
6), JR is 1 qubit (|JR| = 21) and ER is 6 qubit (|ER| = 26).
A. Page curve
As in Sec II B, we check the amount of information transferred from the BH to the emitted
particles and investigate whether the black hole in our model evaporates. For this purpose,
we evaluate the entanglement entropy between BH and R=JR∪ER. The evolution of this
quantity provides the Page curve, which is an indicator of the information transfer from BH
to radiation. The result is shown for M4 ω = 0.1 and 0.01 in Fig. 7. Here, M4 denotes the
mass of the black hole at step 4.
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FIG. 7: The Page curve of our circuit model.
For M4ω = 0.01 (small M4ω), the Page curve has a symmetric shape with respect to
the middle point of the whole time steps. On the other hand, for M4ω = 0.1 (large M4ω),
the entanglement entropy between BH and R is smaller compared to the small M4ω case
during whole period of the evaporation process. For large M4ω, the black hole radiates
Hawking particles with weak entanglement (see Eq. (11)). Thus the evaporation process is
not random enough as Page assumed. However, our model results in Page curves for both
values of M4ω because the degree of freedom of BH decreases as the time step proceeds due
to the action of the SWAP gate. The entanglement entropy becomes maximum at step 4
and this time step is the Page time of our model.
B. Expectation value of particle number of JR
To examine the evaporation rate of our model, we calculate the expectation value of the
emitted particle number. In our model, the Hawking radiation is expressed by the state (11)
and this expression results in the expectatin value of the particle number
〈n〉 = 1
e8piMω + 1
. (18)
Although this distribution is equivalent to that of the Hawking radiation with the fermion
field [1], we are treating the bosonic particles and the fermionic distribution is result
of our assumption for the state of the Hawking radiation. For the state |ψ〉 =∑
ijk Cijk |i〉BH |j〉JR |k〉ER, the expectation value of the particle number of JR is expressed as
〈nJR〉 =
∑
ik
|Ci1k|2. (19)
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We checked these formulas for M4ω = 1, 0.1, 0.01, 0.001 (Fig. 8). As the black hole
evaporates, the mass decreases and the time step advances from right to left. In our model,
〈nJR〉 well coincides with the formula (18) except at the last step with M4ω ≥ 0.1. For
M4ω ≥ 0.1, 〈nJR〉 < 0.3 and this means the emitted pair of Hawking particles is weakly
entangled. On the other hand, for M4ω ≤ 0.01, 〈nJR〉 ≈ 0.5 and this means the Hawking
pair is nearly maximally entangled.
M4ω=1
M4ω=0.1
M4ω=0.01M4ω=0.001
10-4 0.001 0.010 0.100 10.0
0.1
0.2
0.3
0.4
0.5
Mω
〈n JR〉
FIG. 8: The expectation value of the particle number of JR as a function of Mω. We plot the
particle number from step 1 to step 7. The red dotted line corresponds to Eq. (18). We assign the
value Mω = 10−4 to step 7 to represent the particle number at Mω = 0 (the last step) in this plot.
At the last step, the both formula coincides for M4ω ≤ 0.01 but differs much for M4ω ≥ 0.1.
This disagreement is caused by the different treatment of the Hawking radiation at the last
step in our circuit model. In the evaporation process, M → 0 is realized at the last step of
evaporation. On the other hand, in our model, there is no CNOT-U gate at the last step
(see Fig. 6), so sufficient radiation will not be created at the last step. This is the reason
why large disagreement appeared at the last step for M4ω ≥ 0.1. However, if the number of
qubits is increased and make the interval of the time step sufficiently small, this difference
is expected to be reduced.
C. Entanglement structure
Let us analyze the entanglement measure in our model. As we have already introduced
the entanglement entropy as the measure of entanglement in Sec. II B, we introduce here
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other two measures needed for our analysis. The mutual information of the bipartite system
ρAB is defined as
I(A:B) = SA + SB − SA∪B. (20)
This quantity evaluates how the system is close to the product state. If the mutual infor-
mation is zero, the state is the product state without classical and quantum correlations.
The negativity [13, 14] is defined by
N (A:B) = 1
2
(∑
i
|λTi | − 1
)
,
∑
i
λTi = 1, (21)
where λTi is the eigenvalue of the partially transposed state ρ
TA
AB. The partial transposition
TA for the state ρ =
∑
Cab:a′b′ |a〉 〈a′|⊗ |b〉 〈b′| is defined by ρTA :=
∑
Cab:a′b′ |a′〉 〈a|⊗ |b〉 〈b′|.
For a separable bipartite state which has only classical correlations, λTi > 0 owing to Peres’s
partial transpose criterion [15] and we have N = 0. Thus N > 0 means the state is non-
separable (entangled). The negativity is an entanglement monotone function, and can be
used to quantify the entanglement between A and B even if the combined system A∪B is
not pure. N > 0 is the necesary and sufficient non-separable condition for 2⊗ 2 and 2⊗ 3
bipartite quantum systems.
We calculate these entanglement measures between BH and JR, JR and ER, ER and BH
for M4 ω = 0.1, 0.01. The result is shown in Fig. 9.
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FIG. 9: Evolution of the mutual information and the negativity. Upper panels: Evolution of
the mutual information I(BH : JR) and the negativity N (BH : JR). For M4ω = 0.01, after step
5, the negativity becomes zero and the mutual information has very small but non-zero values.
This implies the firewall-like structure appears after the Page time. Middle panels: Information of
emitted radiation, which show how much information is extracted from BH at each step. Bottom
panels: Entanglement of BH ∪ ER subsystem shows nearly the same behavior as the Page curve.
For M4ω = 0.01, the negativity between BH and JR becomes zero at step 5 after the
Page time and BH and JR are separable. In other words, for the Hawking radiation with
sufficiently low frequencies, a structure similar to the firewall appears between BH and
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JR. However, contrary to the original proposed firewall by AMPS, the classical correlations
remains in our firewall-like structure and we do not expect high energy phenomena associated
to it. On the other hand, for M4ω = 0.1, the values of mutual information and negativity
between BH and JR remain nonzero, and BH and JR are entangled until the end of the
evaporation. For sufficiently small M4ω, nearly maximally entangled pair of the Hawking
particles is created by the CNOT-U gate and the qubit strongly entangled with other qubit
goes through the CNOT-U gate again after the Page time. However, due to the limited
amount of entanglement between qubits, which is known as the monogamy property of
the entanglement, it is impossible to add more entanglement and no entangled pairs can be
created when passing through the second CNOT-U gate after the Page time. If this reasoning
for small M4ω is correct, the emergence of the firewall-like structure can be explained.
IV. ANALYTIC EVALUATION OF STATE AFTER PAGE TIME
From the results obtained by the numerical calculation, it turned out that the firewall-like
structure appears after the Page time if M4ω is sufficiently small. We intend to explain why
our model shows the firewall-like behavior.
A. Structure of State around Page Time
According to our numerical calculation, the firewall-like behavior becomes remarkable as
M4ω becomes small. To obtain comprehensive understanding of this structure, we analyt-
ically evaluate the state around the Page time. We introduce the matrix representation of
the U gate and the CNOT gate,
Un =
cos γn sin γn
sin γn − cos γn
 , CNOT =
I2 0
0 X
 , (22)
where I2 is the 2× 2 identity matrix, X =
0 1
1 0
 and
γn = Arctan
[
exp
(
−4piM4ω
√
7− n
3
)]
, 1 ≤ n ≤ 7. (23)
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Then the matrix representation of the CNOT-U gate is
CNOT-U =
I2 0
0 X
 (Un ⊗ I2) =

cos γn 0 sin γn 0
0 cos γn 0 sin γn
0 sin γn 0 − cos γn
sin γn 0 − cos γn 0
 . (24)
We prepare |init〉 = |000000〉BH |0〉JR |000000〉ER as the initial state and consider the action
of the quantum circuit on this state.
Before the Page time: The Page time corresponds to step 4 and the circuit up to just
before step 4 is equivalent to the following circuit diagram (Fig. 10). We rearranged order of
qubit and changed the number of labels from those defined in the original circuit in Fig. 6.
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o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
before Page time step 4
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iER4
<latexit sha1_base64="zpK2X5Q8f7JnCV3UaKuhgiID7VI="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
step 4 before step 5
U5
<latexit sha1_base64="1B6PDTxWBMtJwPZZrqbTzNOH758="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit>n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
ˇˇ
 5
˛
BH2;JR;ER124
<latexit sha1_base64="kycWhQedL1FN6DGgszVKlShwan4="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit>
before step 5 step 5FIG. 10: Quantum circuit before the Page time (before step 4). |squ〉 := cos γ |00〉+ sin γ |11〉.
The state of the total system is∣∣ψbefore step 4〉 = |squ〉BH1,ER1 |squ〉BH2,ER2 |squ〉BH3,ER3 |0〉BH456,JR,ER456 . (25)
At step 4: The circuit just before the Page time to step 4 (the Page time) can be drawn
as Fig. 11. Only BH1, JR and ER1 get involved.
jxi
<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
jxi
<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
jJRi
<latexit sha1_base64="l07UFwc5daZLxGkUe3adHYyhbW4="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit>
jER1i
<latexit sha1_base64="mDXSJ4kNOUSI9eugDg5dHWVQerQ="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit>
jER2i
<latexit sha1_base64="L+7ydCzx9YOTXR4A7Z9PsCk7vB4="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit>
jBH1i
<latexit sha1_base64="0PThc57cYXcVTemOywiczavT+CA="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit>
jBH2i
<latexit sha1_base64="dkskncs6QzOAf+hk3XeYW4pFJB0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
step 0 step 1 step 2
U1
<latexit sha1_base64="AmAa8rQMpg44PSZiW+s/HMsufsk="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit>
U2
<latexit sha1_base64="JQp/v6mt1HviMOBRxyM47JW/2ys="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit>
U3
<latexit sha1_base64="zhHqq+QoxlHMrzHsTagJyQG1MEo="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
j0iBH3
<latexit sha1_base64="YTMg3aHJ6cQZcYuMRbr2QSdtNKA="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit>
j0iER3
<latexit sha1_base64="kSTMAR4VmvMYiFMtxVUVXw/t7XQ="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
jsquiBH3;ER3
<latexit sha1_base64="c/DNQvSmSq0QfkLPUJ1fsTM4C4s="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
before Page time
U4
<latexit sha1_base64="wPLcUI64rHMmsHDyBbfF6fUInIs="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit> ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
before Page time step 4
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iER4
<latexit sha1_base64="zpK2X5Q8f7JnCV3UaKuhgiID7VI="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
step 4 before step 5
U5
<latexit sha1_base64="1B6PDTxWBMtJwPZZrqbTzNOH758="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit>n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
ˇˇ
 5
˛
BH2;JR;ER124
<latexit sha1_base64="kycWhQedL1FN6DGgszVKlShwan4="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit>
before step 5 step 5
U
<latexit sha1_base64="nfucmWn9tS0udhh3Ene0UN9C75w="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
j0iBH
cos   j0iBHj0iJR C sin   j1iBHj1iJR
FIG. 11: Quantum circuit from before the Page time to step 4.
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The state at step 4 is obtained as
∣∣ψ4〉
BH1,JR,ER1
= CNOTBH1,JR UBH1 |squ〉BH1,ER1 |0〉JR
= CNOTBH1,JR
(
cos γ1
[
cos γ4 |0〉+ sin γ4 |1〉
]
BH1
|0〉ER1
+ sin γ1
[
sin γ4 |0〉+ cos γ4 |1〉
]
BH1
|1〉ER1
)
|0〉JR
= cos γ1
[
cos γ4 |000〉+ sin γ4 |101〉
]
BH1,JR,ER1
+ sin γ1
[
sin γ4 |010〉 − cos γ4 |111〉
]
BH1,JR,ER1
. (26)
In the low frequency limit M4ω → 0, squeezing parameters are γ1, γ4 → pi/4 and∣∣ψ4〉
BH1,JR,ER1
−→ HJR 1√
2
[
|000〉+ |111〉
]
BH1,JR,ER1
, (27)
where HJR :=
1 1
1 −1
 acts on the qubit of JR. The appeared state (|000〉+ |111〉)/√2 is
the GHZ state, which is the maximally entangled triqubit state. If one qubit in the GHZ
state is traced out, the remaining subsystem with two qubits becomes separable. Since an
unitary operator acting only on a single qubit does not affect the entanglement structure,
BH and JR become separable at step 4 in the low frequency limit if ER is traced out. As we
will see, this leads to the firewall-like structure at step 5.
At before step 5: The circuit diagram is Fig. 12. Qubits pass through the SWAP gate
from step 4 to step 5.
jxi
<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
jxi
<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
jJRi
<latexit sha1_base64="l07UFwc5daZLxGkUe3adHYyhbW4="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit>
jER1i
<latexit sha1_base64="mDXSJ4kNOUSI9eugDg5dHWVQerQ="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit>
jER2i
<latexit sha1_base64="L+7ydCzx9YOTXR4A7Z9PsCk7vB4="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit>
jBH1i
<latexit sha1_base64="0PThc57cYXcVTemOywiczavT+CA="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit>
jBH2i
<latexit sha1_base64="dkskncs6QzOAf+hk3XeYW4pFJB0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
step 0 step 1 step 2
U1
<latexit sha1_base64="AmAa8rQMpg44PSZiW+s/HMsufsk="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit>
U2
<latexit sha1_base64="JQp/v6mt1HviMOBRxyM47JW/2ys="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit>
U3
<latexit sha1_base64="zhHqq+QoxlHMrzHsTagJyQG1MEo="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
j0iBH3
<latexit sha1_base64="YTMg3aHJ6cQZcYuMRbr2QSdtNKA="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit>
j0iER3
<latexit sha1_base64="kSTMAR4VmvMYiFMtxVUVXw/t7XQ="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
jsquiBH3;ER3
<latexit sha1_base64="c/DNQvSmSq0QfkLPUJ1fsTM4C4s="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
before Page time
U4
<latexit sha1_base64="wPLcUI64rHMmsHDyBbfF6fUInIs="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit> ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
before Page time step 4
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iER4
<latexit sha1_base64="zpK2X5Q8f7JnCV3UaKuhgiID7VI="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
step 4 before step 5
U5
<latexit sha1_base64="1B6PDTxWBMtJwPZZrqbTzNOH758="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit>n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
ˇˇ
 5
˛
BH2;JR;ER124
<latexit sha1_base64="kycWhQedL1FN6DGgszVKlShwan4="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit>
before step 5 step 5
U
<latexit sha1_base64="nfucmWn9tS0udhh3Ene0UN9C75w="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
j0iBH
cos   j0iBHj0iJR C sin   j1iBHj1iJR
FIG. 12: Quantum circuit for step 4 to step 4′ = before step 5.
At step 4, one qubit in BH and two qubits in JR and ER are entangled. At just before step
5, one qubit in BH is |0〉 state, and one qubit in JR and two qubit in ER are entangled.
At step 5: The quantum circuit up to step 5 is shown in Fig. 13.
19
jxi
<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
jyi
<latexit sha1_base64="r++mt9D7SsOixkf/WSFoZcJ2O/Y="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit><latexit sha1_base64="DylhpitbozQxWyvisYpVdfj0MxQ="></latexit>
jxi
<latexit sha1_base64="ab+04DiX01YJFTGuVvKI4Ezj5E8="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit><latexit sha1_base64="rRcukqL3HNJhsEw4cstjOWxGJEY="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
jJRi
<latexit sha1_base64="l07UFwc5daZLxGkUe3adHYyhbW4="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit><latexit sha1_base64="63RK00ADoP5aA1lB1+Y9zMUU5Gs="></latexit>
jER1i
<latexit sha1_base64="mDXSJ4kNOUSI9eugDg5dHWVQerQ="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit><latexit sha1_base64="W0Ue7cDYyGPygYPEHN8PEw/q9aY="></latexit>
jER2i
<latexit sha1_base64="L+7ydCzx9YOTXR4A7Z9PsCk7vB4="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit><latexit sha1_base64="bSYhOKZ0IoqiqmyoFmOWIUoetSw="></latexit>
jBH1i
<latexit sha1_base64="0PThc57cYXcVTemOywiczavT+CA="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit><latexit sha1_base64="6zyu0tMm02MYu9xNG3RqVG7Cf5U="></latexit>
jBH2i
<latexit sha1_base64="dkskncs6QzOAf+hk3XeYW4pFJB0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit><latexit sha1_base64="NC81U8zmOx4ge6Jt/NJZc8Kffu0="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
step 0 step 1 step 2
U1
<latexit sha1_base64="AmAa8rQMpg44PSZiW+s/HMsufsk="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit><latexit sha1_base64="pGIHBcekwxCl1tn8gwpHJMzDoeI="></latexit>
U2
<latexit sha1_base64="JQp/v6mt1HviMOBRxyM47JW/2ys="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit><latexit sha1_base64="VuQlxpYULLkv1jB2bpyrZIBAvl8="></latexit>
U3
<latexit sha1_base64="zhHqq+QoxlHMrzHsTagJyQG1MEo="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit><latexit sha1_base64="rBf7HlyYM1bsTkq9Yh8Ly/YwJ2I="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
j0iBH2
<latexit sha1_base64="ffi59Qw5xi9LUcuJMrUX2lNakWI="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit><latexit sha1_base64="j0DXLfk+2S9fRzprzVtK9L5Jeck="></latexit>
j0iBH3
<latexit sha1_base64="YTMg3aHJ6cQZcYuMRbr2QSdtNKA="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit><latexit sha1_base64="BPSgNHejkQ/4bHsqIK61U82yxhQ="></latexit>
j0iER3
<latexit sha1_base64="kSTMAR4VmvMYiFMtxVUVXw/t7XQ="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit><latexit sha1_base64="zxsX/JUZ4X5MAjVO22442Nu2Agk="></latexit>
j0iER2
<latexit sha1_base64="Sdmwy4jKEkRYjw84b62mz9lDTfQ="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit><latexit sha1_base64="Kmou6aaXVIvXdwBkn9loZ6wjDOY="></latexit>
j0iER1
<latexit sha1_base64="FLfbYHkNv46Tztlp1rE+clhGzuA="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit><latexit sha1_base64="vNizm1wHeyCvyCcLDaesfWvCfVE="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
jsquiBH3;ER3
<latexit sha1_base64="c/DNQvSmSq0QfkLPUJ1fsTM4C4s="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit><latexit sha1_base64="DEgNeKwoYDjIkbVNjGpi3fdzBTo="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
before Page time
U4
<latexit sha1_base64="wPLcUI64rHMmsHDyBbfF6fUInIs="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit><latexit sha1_base64="Wyb3fotmPESCcTIh4SySCtrTojo="></latexit> ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
jsquiBH1;ER1
<latexit sha1_base64="nKMPONwDQV0vKwHORg5mp5jfRWs="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit><latexit sha1_base64="ddSt06xE84fq8xSU1YMPbLTXvW4="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
before Page time step 4
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
ˇˇ
 4
˛
BH1;JR;ER1
<latexit sha1_base64="nMMExSG0Vd5AbL+9HFVC4XwGqoI="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit><latexit sha1_base64="Jx8P3XjrzxgMbSr2FaLzAZ693Do="></latexit>
j0iER4
<latexit sha1_base64="zpK2X5Q8f7JnCV3UaKuhgiID7VI="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit><latexit sha1_base64="ACg00b0uGt0Q+WeQGZLxvluRHI4="></latexit>
j0iBH1
<latexit sha1_base64="4wAQFhpdxi4p6tduhc9LXndabcM="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit><latexit sha1_base64="JjQAl2UBrhKRNf5JU6YjTo4Wz2c="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
step 4 before step 5
U5
<latexit sha1_base64="1B6PDTxWBMtJwPZZrqbTzNOH758="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit><latexit sha1_base64="w/KA+ccEphO8z2b2WFKHtbzZQnM="></latexit>n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
n
<latexit sha1_base64="bOXkuZS3fLoCKcgtUCEyDgajraM="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit><latexit sha1_base64="wnmz3axGgUOI68QkHWTcLmL41vQ="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
jsquiBH2;ER2
<latexit sha1_base64="KWlpDAoiRVXLVNcwJFzVkpGmsdQ="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit><latexit sha1_base64="z9gl+1SaA7nfpQmJlkQkAIiZVsA="></latexit>
ˇˇ
 4
˛
JR;ER1;ER4
<latexit sha1_base64="ff+Ur0uz2jadBT5FZigG24Bt73M="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit><latexit sha1_base64="8bWabMXEBymDW4KVj94GHho3DQA="></latexit>
ˇˇ
 5
˛
BH2;JR;ER124
<latexit sha1_base64="kycWhQedL1FN6DGgszVKlShwan4="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit><latexit sha1_base64="jdB2YmUsxqlOkS7OB36/Q168jHI="></latexit>
before step 5 step 5
U
<latexit sha1_base64="nfucmWn9tS0udhh3Ene0UN9C75w="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit><latexit sha1_base64="5HWqb8WkPm7kVbjUvu/n+pWPmPs="></latexit>
o
<latexit sha1_base64="vIDh7bP3b9LByyZU/XvePbr4AC0="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit><latexit sha1_base64="wy4oAuOwOeXWNy/ZZZQ9yWIElHQ="></latexit>
j0iJR
<latexit sha1_base64="H6jwH9XrvXmIHkknLS9iaFKqmQQ="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit><latexit sha1_base64="K2zSBHXUs5JdivdL5ExkeOiCr9s="></latexit>
j0iBH
cos   j0iBHj0iJR C sin   j1iBHj1iJR
FIG. 13: Quantum circuit for step 4′ to step 5.
The state at step 5 is obtained as
∣∣ψ5〉
BH12,JR,ER124
= |0〉BH1
∣∣ψ5〉
BH2,JR,ER124
, (28)
where
∣∣ψ5〉
BH2,JR,ER124
= CNOTBH2,JR UBH2 |squ〉BH2,ER2
∣∣ψ4〉
JR,ER14
= CNOTBH2,JR
[
cos γ2 (cos γ5 |00〉+ sin γ5 |10〉)
+ sin γ2 (sin γ5 |01〉 − cos γ5 |11〉)
]
BH2,ER2
∣∣ψ4〉
JR,ER14
= cos γ1 cos γ2 cos γ4 cos γ5
(
|0〉BH2
[
|0〉+ tan γ2 tan γ5 |1〉
]
ER2
×
[
|000〉+ tan γ4 |101〉+ tan γ1 tan γ4 |010〉 − tan γ1 |111〉
]
JR,ER14
+ |1〉BH2
[
tan γ5 |0〉 − tan γ5 |1〉
]
ER2
×
[
|100〉+ tan γ4 |001〉+ tan γ1γ4 |110〉 − tan γ1 |011〉
]
JR,ER14
)
. (29)
B. Negativity and Mutual Information at step 4 and 5
As we have obtain the state at step 4 and step 5, it is possible to investigate the entan-
glement structure by evaluating the mutual information and the negativity between BH and
JR.
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1. At step 4
The reduced density matrix ρ4BH1∪JR at step 4 is
ρ4BH1∪JR = TrER
[∣∣ψ4〉 〈ψ4∣∣
BH1,JR,ER1
]
=
(
cos2 γ1 cos
2 γ4 + sin
2 γ1 sin
2 γ4
) |00〉 〈00|+ 1
2
cos 2γ1 sin 2γ4 |00〉 〈11|
+
1
2
cos 2γ1 sin 2γ4 |11〉 〈00|+
(
cos2 γ1 sin
2 γ4 + sin
2 γ1 cos
2 γ4
) |11〉 〈11|
=
1
2

1 + cos 2γ1 cos 2γ4 0 0 cos 2γ1 sin 2γ4
0 0 0 0
0 0 0 0
cos 2γ1 sin 2γ4 0 0 1− cos 2γ1 cos 2γ4
 . (30)
To obtain the mutual information I(BH1 :JR), we prepare the reduce states
ρ4BH1 = TrJR
[
ρ4BH1∪JR
]
=
1
2
1 + cos 2γ1 cos 2γ4 0
0 1− cos 2γ1 cos 2γ4
 ,
ρ4JR = TrBH1
[
ρ4BH1∪JR
]
=
1
2
1 + cos 2γ1 cos 2γ4 0
0 1− cos 2γ1 cos 2γ4
 . (31)
Eigenvalues of these states are
λBH1∪JR =
1
2
(1± cos 2γ1) , λBH1 = λJR =
1
2
(1± cos 2γ1 cos 2γ4), (32)
and the mutual information is
I(BH1 :JR) = −
∑
i=BH1,JR
λi log2 λi +
∑
i=BH1∪JR
λi log2 λi. (33)
The red line in the left panel of Fig. 14 shows the mutual information as a function of M4ω.
It behaves as
I ∼
1 + 16pi
2(M4ω)
2 for M4ω  0.1
16
√
2pi(M4ω)e
−8piM4ω for M4ω  0.1
(34)
The negativity is obtained using eigenvalues of the partial transposed state ρ4TJRBH∪JR
1
2
(1± cos 2γ1 cos 2γ4) , ±1
2
cos 2γ1 sin 2γ4, (35)
and
N (BH1 :JR) = 1
2
cos 2γ1 sin 2γ4. (36)
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The red line in the right panel of Fig. 14 shows the negativity as a function of M4ω. The
negativity at step 4 has a peak at M4ω ≈ 0.1 and behaves as
N ∼
2
√
2piM4ω for M4ω  0.1
e−4piM4ω for M4ω  0.1
(37)
As we have mentioned, |ψ4〉BH1,JR,ER1 becomes the GHZ state for M4ω → 0. Corresponding
to this, the state ρ4BH1∪JR becomes separable in this limit. The von Neuman entropies for
this state are S(BH1) = S(JR) = S(BH1∪JR) = 1 (bit). Thus the mutual information has
the value 1 (bit), which means BH1 and JR have the perfect classical correlation.
step 4
step 5
10-5 10-4 0.001 0.010 0.100 1
10-9
10-6
0.001
1
M4ω
ℐ(BH:
JR
) step 4 step 5
10-5 10-4 0.001 0.010 0.100 110
-9
10-6
0.001
1
M4ω
(BH
:J
R
)
FIG. 14: Left panel: M4ω dependence of the mutual information between BH1 and JR at step 4
and 5. Right panel: M4ω dependence of the negativity between BH2 and JR at step 4 and 5. The
negativity becomes zero for M4ω ≤ 0.041 at step 5 and BH2∪JR system becomes separable.
2. At step 5
The reduced density matrix ρ5BH2∪JR is
ρ5BH2∪JR = TrER
[∣∣ψ5〉 〈ψ5∣∣
BH2,JR,ER14
]
=

CA 0 0 EA
0 CB EB 0
0 EB DB 0
EA 0 0 DA
 , (38)
where
A =
1
2
(1 + cos 2γ1 cos 2γ4), B =
1
2
(1− cos 2γ1 cos 2γ4), C = 1
2
(1 + cos 2γ2 cos 2γ5),
D =
1
2
(1− cos 2γ2 cos 2γ5), E = 1
2
cos 2γ2 sin 2γ5.
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To obtain the mutual information between BH2 and JR, we calculate eigenvalues of the states
ρJR, ρBH2 and ρBH2∪JR. Eigenvalues λi (i = JR, BH2, BH2∪JR) are
λJR =
1
2
(1± cos 2γ1 cos 2γ2 cos 2γ4 cos 2γ5), λBH = 1
2
(1± cos 2γ2 cos 2γ5),
λBH2∪JR =
1
2
(1± cos 2γ1 cos 2γ4) cos2 γ2, 1
2
(1± cos 2γ1 cos 2γ4) sin2 γ2. (39)
The mutual information between BH2 and JR as a function of M4ω is shown in Fig. 14 (the
blue line in the left panel). It behaves as I ≈ (40pi2/3)(M4ω)2 for M4ω  0.1 and I → 0 for
M4ω → 0 limit.
To evaluate the negativity, we obtain the eigenvalues of the partially transposed state
ρTJRBH2,JR as
λi =
(C +D)A±√(C −D)2A2 + 4E2B2
2
,
(C +D)B ±√(C −D)2B2 + 4E2A2
2
, (40)
and the negativity is given by N = (∑i |λi| − 1) /2. The result is shown in the right panel
in Fig. 14 (the blue line). The negativity becomes exactly zero for M4ω ≤ 0.041. Thus,
at step 5 (next step to the Page time), our model shows BH2 and JR become separable for
low frequency modes satisfying M4ω < 0.041 and have only the classical correlation. This
separable state corresponds to the firewall. In the M4ω → 0 limit (γ → pi/4), the reduced
density matrix at step 5 is
ρBH2∪JR =
1
4
(|0〉〈0|+ |1〉〈1|)JR ⊗ (|0〉〈0|+ |1〉〈1|)BH2 =
1
4
I4. (41)
Thus, BH2 and JR are in a product state with no classical correlation (random). For 0 <
M4ω  0.041, the state is separable with weak classical correlations. The schematic diagram
representing the quantum states at step 4 and step 5 is shown in Fig. 15.
Step 4 EPR
GHZ
BH JR ER
Step 5 EPR
GHZ
BH JR ER
Step 4 EPR
GHZ
BH JR ER
Step 5 EPR
GHZ
BH JR ER
FIG. 15: The state at step 4 and step 5 (at the Page time and next step) in the low frequency
limit (M4ω → 0).
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Three qubits in BH, JR and ER form the GHZ state at step 4, which is nearly maximally
entangled. At step 5, the CNOT-U gate acts on BH and JR. However, as BH and JR are
already maximally entangled with other qubits, and no entanglement can be shared between
BH and JR by the monogamy property of the multipartite entanglement. This is the reason
why the entanglement between BH and JR is lost and the firewall-like structure arises for
M4ω ≤ 0.041.
V. SUMMARY AND DISCUSSION
We constructed a quantum circuit model that realizes the evaporation of the black hole.
Using the formula of the Bekenstein-Hawking entropy, the black hole mass is introduced to
our model. Then, analysis was performed assuming that a single frequency mode passes
independently through the quantum circuit. We revealed that the negativity between BH
and JR becomes zero after the Page time for M4ω ≤ 0.041 and the firewall-like structure
appears. This separable state has the small non-zero mutual information, which becomes
zero in M4ω → 0 limit. On the other hand, for M4ω > 0.041, the entanglement does not
become zero and we do not have the firewall-like structure. One notice concerning our
model is that it contains the structure of horizon. In the burning paper model, particles’
information is released to the outside as the ash, hence it is a model without horizon. In the
model introduced in this paper, BH qubits are discharged to the outside through CNOT-U
gate, which squeezes inputted qubits states and mimics the Hawking radiation. This means
the effect of the horizon is taken into our model. Another notice is that we assume |0〉BH
as the initial state of BH. It may be possible to adopt the initial state with some excitation
of particles determined by temperature of the initial mass of the black hole. However, we
expect that such a generalization does not alter the main feature of entanglement obtained
in this paper because the non-vacuum weakly entangled initial state of BH will not change
the entanglement structure after the Page time so much.
Related to our investigation in this paper, the result of S. Luo et al. [12] may correspond
to the high frequency mode of our model and they found that the firewall is not necessary.
However, our conclusion is that by considering low frequency modes, the black hole always
shows the firewall behavior after the Page time. AMPS pointed out necessity of some
mechanism to affect the function of horizon to keep the theoretical consistency. Our result
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can be interpreted that the long wavelength mode influences the horizon so as to form the
firewall. In particular, for the low frequency mode with M4ω ≤ 0.041, the Hawking particles
emitted earlier than the Page time influences the function of the horizon after the Page time.
They form the GHZ state with newly created Hawking particle pairs. Therefore, BH and
JR can only possess the classical correlation without entanglement.
The impact of the low frequency mode (soft mode) of quantum fluctuations on the en-
tanglement structure is also discussed in different contexts and different systems. In the
paper [16], if the zero-energy soft mode emission is involved with the evaporation process,
the entanglement entropy between the black hole and the radiation becomes much larger
than the black hole’s thermal entropy as opposed to the Page curve prediction. In cosmo-
logical situations, soft modes of which wavelength is larger than the Hubble horizon scale,
becomes separable and shows the similar entanglement structure to the firewall [17]. It may
be interesting to obtain unified understanding of emergence of the separable state from the
viewpoint of the horizon structure (geometry) and the monogamy property (entanglement).
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